Abstract. In this study, we examined the effect of fenofibrate, an agonist of peroxisome proliferator-activated receptor α (PPARα), on angiogenesis and serum nitric oxide (NO), vascular endothelial growth factor (VEGF) and VEGF receptor-2 (VEGFR-2) in diabetic and control hind limb ischemic rats. Male Wistar rats underwent left hind limb ischemia. The experimental groups consisted of rats: control, diabetic, control receiving fenofibrate (100 mg/kg/day, by gavage) and diabetic receiving fenofibrate. After 21 days, blood samples were taken and capillary density and capillary/fiber ratio of the ischemic hind limb muscle was evaluated by immunohistochemistry. Activation of PPARα by fenofibrate restored neovascularization in diabetic and control hind limb ischemic rats (p < 0.05). Fenofibrate administration significantly increased serum nitrite concentration, the main metabolite of NO, without significant changes in serum VEGF and VEGFR-2 concentrations. It seems that fenofibrate enhances angiogenesis in hind limb ischemia possibly through increasing of NO bioavailability and can be considered for treatment of diabetic peripheral vascular diseases in future human studies.
Introduction
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors introduced in 1990 (Issemann and Green 1990) . These nuclear receptors superfamily includes three isotypes of PPARα, PPARγ, and PPARβ/δ, which are mapped on different chromosomes (Touyz and Schiffrin 2006; Biscetti et al. 2008 ). Activation of PPARα by its ligands may have beneficial effects on lipid metabolism and on reducing the rate of coronary events in diabetic patients (Evans et al. 2000; Playford et al. 2002) .
Cardiovascular disease (CVD) is a major cause of morbidity and mortality in diabetic patients (Gaede et al. 2003) . Some long-term complications of diabetic vasculopathy are associated with impaired angiogenesis (Waltenberger 2001; Martin et al. 2003) . Angiogenesis is a physiological process by which new vessels are formed from preexisting ones. This process is regulated directly and indirectly by several growth factors and cytokines as nitric oxide (NO), vascular endothelial growth factor (VEGF) and its soluble receptors, VEGF receptor 1 and 2 (VEGFR-1, -2) (Cooke and Losordo 2002; Karamysheva 2008) . It is well-documented that PPARs have important role in the process of CVD in diabetic patients (Calkin and Thomas 2008) , moreover, they might be involved in regulation of angiogenesis (Biscetti et al. 2009 ). This study aimed to assess the efficacy of PPARα activation by fenofibrate in restoring angiogenesis in hind limb ischemia in diabetic and control rats.
Materials and Methods

Animals
Male Wistar rats (Pasteur Institute, Iran) with an initial body weight of 180-230 g were used as experiments. They were kept three per cages on a 12-h day/night cycle, with approximate humidity of 60-70% and room temperature of 20-25°C. The animals were fed a standard rat chow and had free access to water ad libitum. All experimental procedures were approved by the ethical committee of the Isfahan University of Medical Sciences, Isfahan, Iran.
Hind limb ischemia model
The rats were anaesthetized with intraperitoneal injection of ketamine (75 mg/kg) and xylazine (7.5 mg/kg). Then, they underwent left hind limb ischemia as previously described (Lloyd et al. 2001; Huang et al. 2008) . In brief, the left legs were shaved and locally disinfected. Through a small incision, the left femoral artery was isolated and the proximal and distal portions of left external iliac artery and its side branches were ligated and excised. Subsequently, the skin was closed with 3.0 silk surgical sutures. Then, the animals were returned to their cages.
Experimental protocol
The animals were randomly assigned into two groups of diabetic and control. Diabetes was induced by intraperitoneal injection of streptozotocin (STZ; Sigma Co. USA) at a dose of 55 mg/kg. STZ was dissolved in a cold 0.1 M citrate buffer (pH 4.5). The control group received normal saline injection with the same volume of the medication injected to the case group. After 48 hours, blood glucose levels were measured. Those animals with blood glucose concentrations higher than 16.7 mmol/l were considered as diabetic (Taniyama et al. 2001) . The experimental groups consisted of: Group 1, control rats receiving vehicle; Group 2, control rats receiving daily fenofibrate (100 mg/kg/day) by gavage (Katayama et al. 2009 ); Group 3, diabetic rats receiving vehicle; and Group 4, diabetic rats receiving fenofibrate (100 mg/kg/day). The treatments were started one day after the hind limb ischemia operation, and lasted for the next 21 days.
Measurement of capillary density
At the time of sacrifice, the left gasterocnemious muscles were immediately collected and fixed overnight in 10% formalin with pH = 7.2. The ischemic muscles were embedded in paraffin and cut in 5 µm sections. Then, the sections were deparaffinized with xylosine. After hydration in ethanol and washing in deionized water, pretreatment was performed with antigen retrieval in boilling citrate buffer and inhibition of endogenous peroxidase with 3% H 2 O 2 . Subsequently, for blocking non-specific sites, 50 µM of protein block was used for 20 min at room temperature. After washing in phosphate buffer solution, a rat monoclonal antibody against murine CD31 (Abcam, UK) was used in a 1 : 50 dilution for antigen detection. At the final stage, capillaries were visualized by 3-3-diaminobezedine (DAB) and were counterstained by using hematoxylin. The capillaries were counted in ten different fields (×400) from each tissue preparation and the number of capillaries was counted by two blinded observers. The capillary density was expressed as the number of capillaries per square millimeter. Since muscle atrophy or interstitial edema may overestimate or underestimate capillary density, the capillary/muscle fiber ratio was expressed as well.
Measurement of plasma parameters
After 12 hours of fasting, blood samples were collected from the retroorbital space. Blood samples were centrifuged with 10,000 rpm for 15 min to obtain serums. Serum total cholesterol (TC), triglycerides (TG), and high-density lipoprotein cholesterol (HDL-C) were determined using calorimetric assay (Cayman Co., USA). Low-density lipoprotein cholesterol (LDL-C) was calculated by the Friedewald equation. Serum NO concentration was measured using Griess reagent method (Promega Corp., USA) with a limit of detection of 2.5 µM. Serum VEGF and VEGFR-2 concentrations were measured by Enzyme-linked Immunosorbent assay (ELISA) using available reagents and recombinant standards (R&D systems, Minneapolis, USA). The minimum sensitivity of VEGF and VEGFR-2 assays are 3.9 pg/m and 0.027 ng/ml, respectively.
Statistical analysis
Data are expressed as mean ± standard error (SE). Comparison of values between groups were evaluated by One-Way analysis of variance (ANOVA) followed by Tukey's post hoc test. Paired data was analyzed by paired t-test. p < 0.05 was considered as statistically significant.
Results
Plasma parameters
As shown in Table 1 , in diabetic group receiving fenofibrate, serum TG concentration was lower and serum HDL-C was higher than in the non-treated group (p < 0.05). Fenofibrate also improved these factors in control group; however, the obtained changes were not statistically significant. Fenofibrate administration did not change blood glucose level in diabetic rats (26.39 ± 1.48 vs. 24.53 ± 1.15 mmol/l; p > 0.05). Figure 1 illustrates the concentrations of serum VEGF and VEGFR-2 in all experimental groups. These concentrations were not different among diabetic rats and control groups (p > 0.05). Fenofibrate did not alter serum VEGF and VEGFR-2 values in diabetic and control groups (p > 0.05). Diabetic animals had lower serum NO concentration than controls. Fenofibrate could significantly increase serum NO level both in the control and diabetic groups (p < 0.05; Figure 2 ).
Measurement of serum angiogenic factors
Angiogenesis assay in ischemic hind limb by immunohistochemistry
Angiogenesis was evaluated by the capillary density and capillary/fiber ratio of the ischemic hind limb muscle harvested three weeks after treatment. Our results revealed that the capillary density ( Figure 3A ) and capillary/fiber ratio ( Figure 3B ) in hind limb ischemia were significantly reduced in diabetic animals compared to the control group (p < 0.05). Samples of immunohistochemical staining by anti-CD31 antibody in ischemic legs are presented in Figure 4 . As shown in Figures 3 and 4 , fenofibrate significantly restored neovascularization in the ischemic leg of control and diabetic rats.
Discussion
In this study, we demonstrated that the neovascularization in ischemic leg of diabetic animals was lower than controls, and treatment of control and diabetic rats by fenofibrate, as a synthetic agonist of PPARα, could lead to neovascularization in ischemic leg. Furthermore, fenofibrate increased serum NO concentration without changes in serum VEGF and VEGFR-2 concentrations.
Beneficial effects of fenofibrate on lipid metabolism are documented in several studies among hyperlipidemic sub- jects (Evans et al. 2000; Forcheron et al. 2002; Playford et al. 2002) . In the present study, the animals received normal diet, not high-fat diet, however, we found that fenofibrate improved serum HDL-C and decreased TG concentrations in diabetic animals. This finding is consistent with some previous studies. The possible mechanisms attributing the beneficial effects of PPARα agonists on lipid profile include: decreasing of hormone-sensitive lipase activity, promoting uptake and oxidation of fatty acid in muscles, lowering hepatic de novo lipogenesis and modification of the expression of various key genes involved in the metabolisms of liver fatty acids (Guo et al. 2001; Forcheron et al. 2002) .
In recent years, studies have been performed on the angiogenic effects of PPARs (Biscetti et al. 2009 ). Angiogenesis is a physiological response to hypoxia and defined as formation of new blood vessels from pre-existing ones (Waltenberger 2001) . PPARα agonists, especially fenofibrate, inhibit pathological angiogenesis associated with tumor growth in mice (Panigrahy et al. 2008) . It also suppresses cell proliferation and migration stimulated by angiogenic factors in a dose-dependent manner (Varet et al. 2003) . In contrast, in the present study, we found that fenofibrate administration could restore ischemiainduced angiogenesis in skeletal muscle of diabetic and control rats. Likewise, fenofibrate treatment significantly increased serum NO concentration, which is a known angiogenic factor (Cooke and Losordo 2002) . Our results were consistent with the previous studies. A recent study on normal C57BL/6J mice revealed that fenofibrate promotes angiogenesis in ischemic limb of normal mice by activation of NO pathway in endothelial cells (Katayama et al. 2009 ). They indicated that observed angiogenic response is independent of changing in serum triglyceride levels. Another study in corneal model of angiogenesis demonstrated that activation of PPARα enhanced neovascularization indirectly via upregulation of the angiogenic factors (Biscetti et al. 2008) . Interestingly, inhibition of VEGF activity did not suppressed induced neovascularization by PPARα. Thus, they suggested that other angiogenic factors might be involved in PPARα-induced angiogenesis. In the present study, we found higher level of serum NO concentration in bezafibrate-treated groups both in control and diabetic animals. Proangiogenic effect of NO is already indicated (Namba et al. 2003; Luque et al. 2006) . It also mediates the angiogenic response to VEGF or other angiogenic factors (Fukumura et al. 2001) . Thus, our findings suggest that the angiogenic effect of fenofibrate is possibly derived via NOdependent pathway, although more studies are necessary for clarification.
In conclusion, fenofibrate restored neovascularization in hind limb ischemic diabetic and control rats. Therefore, it can be considered for prevention and/or treatment of peripheral vascular complications in diabetic patients. Increase in the NO bioavailability is probably responsible for this beneficial effect; however, more studies are needed to confirm these findings.
